Human lung adenocarcinoma cells develop bipolar shape with prominent pseudopodia (.:200 ,Lm) when cultured in the presence ofautocrine motility factor (AMF)-like substance or on fibronectin-coated substrata. AMF was partiady purified from a human lung adenocarcinoma cell line and has a peak biological activity at a molecular mass of 67 kDa. Using time-lapse photography, we observed that during AMFor fibronectin-induced cell translocation, the nuclei of some bipolar cells are transported to the opposite end of the cell, while gross cell shape and position remain unchanged. Following this nuclear movement, which we call "nucleokinesis," the posterior pseudopodium is retracted behind the nucleus. Thus, extension of a pseudopodium followed by nucleokinesis in the game direction and retraction of the cell body behind the nucleus is a normal motile sequence in translocating bipolar cells. This suggests that nudeokinesis is a distinct step in whole-cell translbcation of bipolar cells on biological substrata and that pseudopodia can be used as nuclear transport organs. In contrast, adenocarcinoma cells cultured on artificial substrata and in the absence of AMF display a fibroblast-like motility pattern with the nucleus centrally located within the migrating cell.
or fibronectin-induced cell translocation, the nuclei of some bipolar cells are transported to the opposite end of the cell, while gross cell shape and position remain unchanged. Following this nuclear movement, which we call "nucleokinesis," the posterior pseudopodium is retracted behind the nucleus. Thus, extension of a pseudopodium followed by nucleokinesis in the game direction and retraction of the cell body behind the nucleus is a normal motile sequence in translocating bipolar cells. This suggests that nudeokinesis is a distinct step in whole-cell translbcation of bipolar cells on biological substrata and that pseudopodia can be used as nuclear transport organs. In contrast, adenocarcinoma cells cultured on artificial substrata and in the absence of AMF display a fibroblast-like motility pattern with the nucleus centrally located within the migrating cell.
Cell locomotion is an important event in many biological processes such as embryogenesis, organogenesis, lymphocyte recirculation, and tissue regeneration (1) . The control of cell locomotion is probably mediated by an interplay of internal cellular programs with external factors such as extracellular matrix and adhesion to other cells (2) . In malignancy, the migration of cells away from the primary tumor has been proposed to depend on the production of autocrine motility factors (AMFs) (3) . Relatively little is known about cell migration in vivo. However, studies of fibroblasts cultured on extracellular matrix components-e.g., collagen or fibronectin-show that the cells acquire a bipolar shape, elongate, and become motile (4) (5) (6) (7) . The bipolar elongated shape of fibroblasts cultured on these "natural substrata" resembles the appearance in histological sections. Furthermore, migrating neurons in vivo have a bipolar elongated shape (8, 9) . The role of pseudopodia in locomotion of cells is not known. It has been suggested that pseudopodia in malignant cells have a substrate exploratory function and that their formation is regulated by a newly characterized cytokine named "AMF" (10) . Whereas a great deal of information has been gathered concerning the motility of whole cells, little is known about the positioning of the nucleus inside the cell. Time-lapse photography offibroblasts cultured on extracellular matrix components shows that these cells also translocate, but the behavior of the nucleus has so far not been described. The nucleus of interphase cells usually occupies a central position probably maintained by intermediate filaments (11-13) but has been observed to rotate, suggesting that its putative anchorage is not static (14) . During ontogenesis of neuroepithelium, interkinetic nuclear migration (INM) seems to be an important step, indicating that nuclear movement can occur (15) and is functionally important. To move under in vitro conditions on artificial substrata, a cell must extend its leading edge over the surface, attach to it, and pull the remainder of its body forward (1, 16) . During this movement the nucleus remains centrally located within the cell. Here we show that, in contrast to this static behavior, the nuclei of cells migrating in the presence of AMF or on biological substrata are motile in a characteristic fashion. Thus observations reported in this paper indicate that nuclear movement in bipolar cells is a distinct step in cell translocation.
MATERIALS AND METHODS
Cells. The cell line WART was established 40 months ago from pleural fluid of a patient with poorly differentiated primary adenocarcinoma of the lung. This cell line is characterized by rapid growth with a doubling time of 15 8-,um Nucleopore filters that were coated with 40 ,ug of type IV collagen per ml as described (18) . Different concentrations of SFCM were placed in bottom compartments of Boyden chambers, while 106 WART cells suspended in either SF medium or different concentrations of autologous SFCM were placed in the upper compartments. Control cells were incubated in SS and SF media. After 4-6 hours of incubation at 370C, the filters were removed, fixed in methanol, and stained in hematoxylin, and the cells that migrated to the lower side of the filter were counted with a light microscope. Three high-power fields (x400) were assayed in triplicate experiments.
Separation of SFCM with Fast Protein Liquid Chromatography (FPLC). SFCM (400 ml) was dialyzed for 72 hr against distilled water at 40C, Iyophilized, suspended in 200-Al of sterile phosphate-buffered saline, and loaded on a FPLC Superose 6 column (Pharmacia). The column was run with phosphate-buffered saline at 0.4 ml/min, and 1-ml fractions were collected. Calibration was made with myosin (200 kDa), Escherichia coli B-galactosidase (116 kDa), bovine serum albumin (66 kDa), egg albumin (43 kDa), soybean trypsin inhibitor (22 kDa), and cytochrome c (13 kDa). Eluted fractions were dialyzed against SF medium. The morphology of the cells was examined after 16 hr of incubation with fractions obtained from FPLC. The different FPLC fractions were also assayed for the locomotor activity. The FPLC fractions were placed in the lower compartment of Boyden chambers. The WART cells in SF medium at 106 were placed in the upper compartments, incubated, and counted as described above.
Time-Lapse Photography. WART cells were incubated in a plastic dish in the presence of the FPLC fraction that induced pseudopodia and cell locomotion. We also incubated WART cells in SF medium in a plastic dish that was coated with human plasma fibronectin (Sigma) at 0.1 mg/ml for 60 min at room temperature. Control cells were incubated in either SS medium or SF medium. Time-lapse photography of 500 WART cells continued for 24 hr. Every 0.5-2 hr the plate was removed from the incubator and placed immediately in a 370C thermostat-controlled chamber attached to the Olympus IMT-2 phase-contrast microscope and photographed with an Olympus OM-2 camera and Kodak positive color film. Focus was fixed manually.
Treatment of WART Cells with Cytoskeleton-Disrupting Drugs and Different Growth Factors. WART cells were harvested as mentioned above. A cell suspension of 5 x 10 cells per ml was incubated for 16 hr with SFCM containing 0.1 mM colchicine (Sigma) or 0.1-2 ng of cytochalasin B (EGA- Chemie, Steinheim, F.R.G.) per ml. In another experiment, WART cells were initially cultured for 16 hr in SFCM, and subsequently colchicine or cytochalasin B was added to achieve the same final concentrations as mentioned above. The observations of in vitro morphology of WART cells were made by using phase-contrast microscopy. To study if known growth factors could induce pseudopodia, we also incubated WART cells in SF medium containing different concentrations of transforming growth factor p (TGF-/3; 0.1-20 ng/ml; Bio Genesis, Bournemouth, U.K.), epidermal growth factor (EGF; 0.1-10 nM), platelet-derived growth factor (PDGF; 0.1-20 ng/ml), or insulin-like growth factor I (IGF I; 1-400 ng ml) and examined the in vitro morphology of the cells after 16 hr of incubation.
RESULTS
Influence of Different Media and Different FPLC Fractions of SFCM on the in Vitro Morphology and Motility of WART Cells. Table 1 
and disc-shaped centrally located nuclei with visible nucleoli (Fig. lb) . Incubation of WART cells with autologous SFCM had a dramatic effect on the morphology of the cells (Fig. ic) . The majority developed pronounced bipolarity with prominent pseudopodia. The total length of these cells often reached -200 ,um. The nuclei were bean-shaped and could be located anywhere within the cell. Twenty percent of the WART cells incubated with autologous SFCM were spread out with several projections of variable length.
Analysis of cell migration in Boyden chambers (19) showed that SFCM induced both chemotactic and chemokinetic responses (Fig. 2) . In contrast SS medium had a weak effect on locomotion of WART cells. The number of migrating cells toward SS medium did not differ from SF medium-incubated cells (data not shown). The dialyzed and lyophilized SFCM was separated by using a FPLC Superose 6 column. WART cells were then incubated with different FPLC fractions, and their cell shape was examined. After 16 hr of incubation, cells displaying pseudopodia and bipolarity were identified in cultures supplemented with FPLC fractions containing factors of 43-67 kDa as shown in Fig. 3 . The same fractions also induced cell migration in modified Boyden chambers. Fractions outside the 43-to 67-kDa interval did not affect the cell shape and motility. The morphology ofthese cells was similar to that of cells cultured in SF medium.
Influence were round or spread out with several short projections. During the course of a 12-hour period, the length of the pseudopodia reached up to 200 pm.
In 10% of the bipolar cells, we observed that the nuclei moved within the pseudopodia with a rate of 1km/hr to the opposite part of the cell, covering a distance -150 Am.
The nuclear movement was termed "nucleokinesis." Nucleokinesis was usually smooth, but occasionally the nucleus moved in bursts punctuated by pauses. After reaching the other end ofthe cell, the pseudopodium was retracted behind the nucleus as shown by a characteristic time-lapse sequence in Fig. 4 We conclude that the locomotion process of such cells consists of extension of a pseudopodium followed by nucleokinesis and retraction of the cell body behind the nucleus. Nucleokinesis is a distinct step in this process during which the rest of the cell does not move. In contrast, the corresponding motile cells cultured in the absence of AMF-like activity or extracellular matrix components maintain their nucleus centrally located in a constant position during translocation, displaying a motility pattern previously described in translocating malignant cells (20) . The classical studies of cell locomotion show that fibroblasts cultured on plastic in the presence of serum acquire a triangular shape and advance forward by extending the leading edge (1, 16) . The remainder of the cell body is then pulled forward, while the flat disc-shaped nucleus remains centrally located within the cell despite drastic morphological and directional changes (21) . Therefore, our data suggest that the pattern of motility seems to be related to the shape of the cell. It is well established that cell shape, growth, and differentiation are determined by the nature of substrata on which the cells are cultured (22) (23) (24) . Thus, culture of cells on "natural substrates" such as fibronectin, collagen, or in the presence of AMF-like activity leads to profound changes of in vitro morphology toward the appearance seen in histological sections. Similar observations have been made in studies of malignant cells (25) .
Our study also showed that the motility involving nucleokinesis was induced by either fibronectin or a FPLC fraction containing a 67-kDa AMF-like substance secreted by malignant lung cells but not by several tested growth factors such as TGF-p, EGF, PDGF, or IGF I. This finding is similar to that of Guirguis et al. (10) , who showed that a factor in conditioned media of melanoma and breast cancer cells termed "AMF" induces pseudopodia extension before cell translocation. The nucleokinesis in cells with pseudopodia is distinct from the nuclear rotation observed by several authors in studies using the primary culture of human nasal mucosa (14) , HeLa cells (26) , or 3T3 cells treated with monensin (27) . During this process the nuclei were flat and disc-shaped and remained in the same central position within the cell. Nuclear movement within neuron-like processes of differentiated neuroblastoma cells has been described (28) , although in these cells the nuclear movement was not associated with cell translocation (28) . Considering our observation of nucleokinesis, it is notable that histological sections of neural tube and different columnar epithelia of vertebral embryos display interkinetic nuclear migration (15, 29, 30) . In INM it was suggested that the nuclei may migrate within the bipolar cells of the neural tube or epithelia from their base toward the lumen where they undergo mitosis. Daughter nuclei later migrated back. Colchicine (31) and cytochalasin B (32) inhibited INM, suggesting that microtubules and microfilaments were involved in this process. However, INM has never been observed in vitro, and its existence, deduced from serial sections of embryos, is disputed in the literature (8, 33) . In vitro studies of cerebellar granule cells migrating along astroglial fibers show striking similarities to the cells in our study, yet in these cells nuclear movement does not seem to occur (33) . The possible cytoskeletal control of nucleokinesis needs further investigation, although our experiments with colchicine and cytochalasin B also show that microtubules and microfilaments are involved in the control of cell shape and the protrusion of pseudopodia. Nucleokinesis was observed exclusively in bipolar cells with oval bean-shaped nuclei, indicating that bipolarity and an appropriate nuclear shape are prerequisites for nuclear movement. This finding parallels observations in INM (34) .
There is conflicting evidence concerning the role of the nucleus in cell motility. Thus, Berke and Fishelson (35) and Otteskog et al. (36) observed that enucleated cells showed impaired or absent mobility of surface membrane components. However, Goldman et al. (37) have suggested that enucleated cells are capable of translocation. Fibroblasts seen in histological sections are bipolar and elongated with an oval bean-shaped nucleus. Migrating neurons in vivo are also elongated and bipolar with an oval bean-shaped nucleus (9, 38) . The elongated, bipolar shape probably facilitates tissue penetration. Furthermore, nuclear movement has been suggested to constitute a part of the motile sequence in migrating neurons (39, 40) .
The morphological similarities between cells cultured on biological substrata and tissue cells in vivo and the observations of INM in embryos indicate that the motility sequence observed by us may explain how some animal cells move in vivo.
Pseudopodia protrusion has been proposed to be a first step in tumor cell invasion in vivo (41, 42) . The present findings together with the observations of Guirguis et al. (10) suggest that AMF has a role in tumor cell invasion via induction of pseudopodia. Thus, it may be speculated that the motility steps of the invasion process comprise protrusion of tumor cell pseudopodia through surrounding tissues, followed by nucleokinesis and retraction of the pseudopodia behind the nucleus. EGF was kindly supplied by Dr. G6ran Andersson, Huddinge; PDGF was a gift from Dr. Carl-Henrik Heldin, Uppsala; and IGF I was a gift from KabiVitrum, Stockholm. This work was supported by The Swedish National Association against Heart and Lung Diseases, The Swedish Cancer Society, and the Swedish Medical Research Council.
